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Summary
Waste paper is suitable for recycling back into paper or for
incineration for energy recovery. If waste paper is used for
recycling, secondary pulp replaces virgin pulp. Fiber recycling
is limited, however, because of physical constraints—particu-
larly the breakage of ﬁber in the recycling process—and a
permanent input of virgin ﬁber to the system is required.
Therefore one can expect that the relationship between re-
cycling rates and resource requirements is represented by a
curved line rather than a straight one. In this article, we pres-
ent a mathematical model which conﬁrms that therelationship
between recycling rates and primary pulp requirements can
be described as nonlinear. Furthermore, we show that this
nonlinear relationship leads to an optimal recycling rate with
regard to energy consumption: 93% for paper produced from
chemical pulp, and 81% for paper produced from mechanical
pulp. Sensitivity testing additionally reveals that at low recycling
rates increasing waste paper recycling is energy efﬁcient, but
it becomes less efﬁcient at higher recycling rates. Close to the
optimum recycling rates (within 10%), increasing ordecreasing
the rate affects the total energy requirement less than 0.3%.RESEARCH AND ANALYSIS
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Introduction
The United Nations Conference on Environ-
mentand Development in1992inRiodeJaneiro
(UNCED 1992) made the curbing of greenhouse
gases (GHG)1 an important issue on the inter-
national political agenda. Subsequent interna-
tional negotiations have led to the Kyoto pro-
tocol in which most developed countries oblige
themselves to reduce GHG emissions
(UNFCCC 1997).2 The European Union (EU)
committed itself to reduce its GHG emissions by
8% in 2008–2012 compared to 1990 levels
(UNFCCC 1997). Carbon dioxide (CO2)i st h e
main GHG gas, accounting for more than 80%
of global warming emissions in the EU in 2000
(UNFCCC 2002). Ninety-seven percent of CO2
emissions in the EU are caused by fossil fuelcom-
bustion (IEA 2001a).
An important option for reducingGHGemis-
sions is the substitution of carbon-intensivefossil
fuels such as coal or oil with less carbon-
intensive, renewable energy sources such assolar,
wind, or biomass (OECD 2001a). Currently, bio-
mass is the main renewable energy source with
the potential to be implemented on a substantial
scale because of its relatively low costs and its
ability to substitute for coal within the existing
electricity infrastructure (Berndes et al. 2003;
Hall and Scrase 1998; Klass 1998).
Biomass is a resource that is also widely used
for materials purposes, one of whichispaper(and
related products). About one-third (35%) of the
total wood production in the European Union is
used for pulp intended for papermaking (FAOS-
TAT 2001). The papermaking process can be
brieﬂy described as follows: After sawing, round-
wood3 is slashed, debarked, and chipped. The
chips are then pulped,4 and the waste products
(e.g., sawdust and bark) are used to produce elec-
tricity and heat (Genco 1998). The pulp is dried
and pressed to form paper. Secondary pulp, pro-
duced from waste paper, can substitute for virgin
or primary pulp.
The use of biomass for paper production is
intimately connected to waste management
choices because waste paper is suitable for recy-
cling back into paper or for energy recovery. If
waste paper is recycled, secondary pulp replaces
virgin pulp in the paper production process.
Therefore, primary resource management and
waste management inﬂuence each other, making
trade-offs and synergies rather complex.
The relative merits of recycling versus incin-
eration with energy recovery (both as alterna-
tives to landﬁlling) have been the main focus in
previous literature about waste paper manage-
ment. From this literature, the following conclu-
sions can be drawn (Blum et al. 1998; Finnveden
and Ekvall 1998; IIED 1996; Rajotte 2001; Ruth
and Harrington 1997b):
• Recycling, compared to incineration, leads
to a lower use of biomass (pulpwood).5
• Recycling, compared to incineration, leads
to a lower total energy use because the pro-
duction of secondary pulp fromwastepaper
is less energy consuming than the produc-
tion of primary pulp from roundwood.
• Recycling, compared to incineration, leads
to a higher use of electricity from the pub-
lic grid, which is presently predominantly
fossil fueled.
• Recycling leads to higher CO2 emissions
when compared to incineration.6
One aspect of waste paper recycling that is
not taken into account in the above literature is
the fact that ﬁber recycling is limited because of
physical constraints. Repulping of waste paper
damages the cellulose ﬁbers and decreases the
ability of ﬁbers to adhere to one another (Ellis
and Sedlachek 1993). Fibers can be shortened as
a result of damage during repulping, and overly
short, weak ﬁbers are disposed of during the
washing process (Borchardt 1998). Typically, a
ﬁber can be reused 3 to 5 times (Virtanen and
Nilsson 1993). Therefore, a permanent input of
virgin ﬁber to the system is required (IIED1996).
Because the recycling of a single ﬁber is physi-
cally constrained, one can expect that theoreti-
cally, the relationship between recycling rates
and resource requirements7 should be repre-
sented by a curved line rather than a straight one
(Virtanen and Nilsson 1993). Also, analysis of
country-level data from the ConfederationofEu-
ropean Paper Industries (CEPI 2000) suggests a
nonlinear8 rather than a linear relationship be-
tween virgin ﬁber consumption and the use of
recovered paper (as demonstrated later in ﬁg-
ure 2).RESEARCH AND ANALYSIS
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In this article, we investigate whether the
physical limits on waste paper recycling can be
theoretically described with a mathematical
model that can be calibrated against available
data and produce the expected nonlinear rela-
tionship between recycling rates and primary
pulp requirements. Next, we explore whether
that nonlinear relationship leads to an optimal
recycling rate with regard to energy consump-
tion, that is, given the physical limits on recy-
cling waste paper, whether an optimumrecycling
rate can be found where the total energy require-
ment9 is at a minimum. The study focuses on the
pulp and paper industries because almost all en-
ergy and resource use for the production of paper
from its raw materials is concentrated in the pro-
cess phase of the life cycle.10 We also investigate
the robustness of this optimum and discuss its
relevance in the context of future developments
both within and without the pulp and paper in-
dustries. Our modeling approach contributes to
the work of Virtanen and Nilsson (1993) by add-
ing precision to their expert expectation with re-
gard to the energy efﬁciency of waste paper re-
cycling.
System and Model Approach
Our method aims to quantify ﬁber damage
during recycling and investigate whether this
leads to a nonlinear relationship between recy-
cling rates and virgin ﬁber requirements. Ulti-
mately, we want to determine whether this non-
linearity leads to an optimum wherein the total
energy requirement is at a minimum for a certain
recycling rate. This was done in three separate
stages:
• First, a substance-ﬂow model was built to
explore the effects of ﬁber damage in waste
paper recycling in the paper and pulp in-
dustries. This model was supplemented
with a mathematically derived equation in
which the virgin ﬁber input dependsonthe
recycling rate and a set of constants. The
equation derived from the substance-ﬂow
model was then calibrated with country
data on recycling rates and wood pulp con-
sumption, and the corresponding set of
constants was determined.
• Second, in order to estimate the signiﬁ-
cance of ﬁber damage during recycling—
in terms of the total energy requirement—
the consumption of energy resources from
the derived equation was used to evaluate
whether there is an optimum process en-
ergy requirement. The process energy re-
quirement, waste paper consumption, and
pulpwood consumption are expressed in
terms of primary energy requirements and
are presented as a function of the recycling
rate.
• Third, the robustness of the optimum re-
cycling rate is investigated by using the up-
per and lower values of the variables as in-
put variables in order to determine the
sensitivity of the model to uncertainties in
data.
In our research, we aim to draw generic con-
clusions about waste paper recycling in the pulp
and paper industries. In order to do so, the “sys-
tem” was simpliﬁed by focusing on energy re-
quirements (in terms of primary energy) of paper
manufacturing in the member countries of the
CEPI.11 In this article, a conceptual framework
of ﬁber length is used as an indicator for all prop-
erties affecting qualitative aspects of ﬁbers. The
simpliﬁcations made here and their (possible)ef-
fects on the results are assessed in the discussion
section.
Recycling rates can be presented in several
ways (Berglund et al. 2002). This article deﬁnes
recycling rates as recovered paper use (RPU)
rates, that is, the use of recovered paper in a sec-
tor as a percentage of the total paper production
in that sector (FAO/CEPI 2000). RPU rates are
the preferred indicator for recycling where forest
protection and energy conservation are con-
cerned (Berglund et al. 2002).12
Nonlinearity in Resource
Requirements
With higher recycling rates, ﬁbers are reused
more often, and this increases the chance that
they are damaged beyond usability. Higher re-
cycling rates therefore create the need to replace
more secondary ﬁbers with virgin ﬁbers. CEPI
(2000) gives data about virgin ﬁber consumptionRESEARCH AND ANALYSIS
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and the use of recovered paper as a percentage
of the total paper for every CEPI country. The
plot of these data (seen later in ﬁgure 2) suggests
that the relationship between RPU and virgin
ﬁber inputs is nonlinear rather than linear. We
therefore further investigated this relationship.
In order to determine the particular kind of
nonlinear relationship that exists between virgin
ﬁber requirements and recycling rates, waste pa-
per recycling in a closed system was studied with
a substance-ﬂow model (Kleijn 2000). The basic
thought behind this model is that a virgin ﬁber
replaces every ﬁber that can no longer be recy-
cled. An overview of the modelisshowninﬁgure
1.
This diagram assumes a closed economy for
the recycling of waste paper in the paper and
pulp industries. Virgin ﬁbers enter the system
through ﬂow z into stock S1. Next, whentheﬁber
is not recycled, it leaves the system through ﬂow
F1. When the ﬁber is recycled, we assume the
ﬁber to have a certain probability that it will be
shortened during the repulping process, ex-
pressed in the damage rate y. When the ﬁber is
damaged, it leaves S1 and enters S2 through F5.
When the ﬁber is recycled and not damaged it
stays in S1 for use and eventually for further re-
cycling.
The stocks S1 to S4 represent ﬁber stocks of
different qualities in the system. Note that paper
can contain ﬁbers of mixed qualities. A ﬁber in
S4 that is recycled but damaged is assumed to be
disposed of in the washing stage of the recycling
process. When the model is run with chosen val-
ues of recycling rate (x) and damage rate (y), the
value of the virgin ﬁber requirement (z) evolves
in such a way that a dynamic equilibrium is ﬁ-
nally achieved. The model is rerun several times
with different values of x but a constant value of
y. It becomes visible from the calculated x and z
that the relationship between the recycling rate
(x) and the virgin ﬁber requirement (z) is non-
linear rather than linear (in a theoretic, dynamic
equilibrium situation). This nonlinearity shows
similarities with the empirical country data on
recycling rates and (relative) virgin ﬁber con-
sumption in ﬁgure 2. The next obvious step is to
determine the exact relationship between x and
z from the equations in appendix A and then
calibrate that relationship against thedatapoints
plotted in ﬁgure 2.
Equation (1), below, presents the mathemat-
ical relationship between the virgin ﬁber require-
ment (z) and the recycling rate (x), with z as a
function of x. Appendix A describes how this
relationship was derived. A nonlinear trend line
corresponding with equation (1) is ﬁtted against
country data by the least squares method and at
a given N. The calculated damage rate (y) and
ﬁber stock (Stot) for different values of N are sum-
marized in table 1; the relationship between x
and z corresponding to values of y and Stot found
for N  3 is shown in ﬁgure 2.
S (x1) tot z(x)  (1)
N xy
 1  1xy
where
x  recycling rate.
z(x)  virgin ﬁber pulp requirement as a func-
tion of the recycling rate.
y  damage rate.
N  number of stocks.
Stot  the amount of cellulose ﬁbers in stock as
a percentage of the amount of produced paper.
It should be noted that the solution of a
model with a chain length of ﬁve stocks (i.e.,ﬁve
stocks connected analogously to the stocks inﬁg-
ure 1; N  5) is obviously not valid because the
damage rate (y) cannot exceed the value of 1
(otherwise ﬂows of negative matter occur). The
solution of a model with a chain length of 1 is
also not valid because that would imply a linear
relationship between recycling rates and virgin
ﬁber requirements, whereas it was determined
earlier that the relationship is not linear, but
nonlinear. Therefore the only possible integer
values of N are 2, 3, and 4.
In the next section the values corresponding
to a model with N  3 are used to illustrate how
nonlinearity affects trade-offs between waste pa-
per recycling and incineration. In the section on
sensitivity analysis we discuss how the value of
N (and corresponding y) affects the outcomes.
Figure 2 shows the calculated relationship be-
tween virgin ﬁber requirements and therecyclingRESEARCH AND ANALYSIS
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Figure 1 Closed-system ﬁber recycling (example with N  4).
Note: N  4 indicates that the ﬁbers in this model are damaged (and then recycled) four times. The boxes represent
stocks of ﬁbers of varying ﬁber lengths (S1 to S4) and the arrows with bowtie shapes represent ﬂows (F). F1 through F4
represent nonrecycled ﬁber ﬂows exiting the system. F5 through F8 represent damaged ﬁber ﬂows. z represents the new
ﬁber requirement for the system. Because the system is closed, z  F1  F2  F3  F4  F8, and the value of z in
dynamic equilibrium is the model output. The cloud-shaped ﬁgures at the end of arrows F2 through F4 and F8 represent
the boundaries of the system that is modeled. The model equations are given in appendix A.RESEARCH AND ANALYSIS
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Table 1 Fit of equation (4) to country data for different values of N
Number of stocks
N  2N  3N  4N  5
Damage rate (y) 0.331 0.565 0.800 1.035
Total ﬁber stock (Stot) 0.905 0.910 0.913 0.915
Accuracy (r2) 0.883 0.885 0.885 0.886
Recycled ﬁber share at 100% recycling 85.4% 82.9% 81.4%
rate described by equation (1) and the ﬁts for N
 3 from table 1. The dotted line represents a
ﬁctive situation with no ﬁber damage during the
recycling process. The dots are country data.
From the ﬁgure it can be seen that for low re-
cycling rates the relationship appears to be ap-
proximately linear. Only at higher recyclingrates
does the relationship start to deviate from the
dotted line and become nonlinear.
Effect of Nonlinear Relationship
on Energy Requirements
Now that a nonlinear relationship between
recycling rates and resource requirements has
been established (ﬁgure 2), the next logical step
is to see whether this relationship leads to an
optimal recycling rate. That is, whether an op-
timum can be found where the total energy re-
quirement is at a minimumfor a certainrecycling
rate. This section explains how the relationship
from ﬁgure 2, based on equation (1) with N 
3 for the number of stocks (see table 1), was used
to express the total energy requirement as a func-
tion of recycling rate.
The total energy requirement forpapermanu-
facturing is the sum of process energy require-
ments (expressed in primary energy) and the ca-
loric value of the materials feedstock (equation
2) (IFIAS 1974). Because this research aims to
study the energetic effects of the recycling rate,
it is necessary to distinguish between virgin ﬁber
paper and recovered ﬁber paper as shown in
equation (3).
Total Energy Requirement
 PE  FS (2) tot tot
Total Energy Requirement  PEVFP
 PE  FS  FS (3) RP VFP RP
where
Total Energy Requirement  sum of the process
energy and the caloric value of the materials
feedstock (expressed in terms of primary energy).
PE  process energy requirement (expressed in
terms of primary energy).
FS  energy content of feedstock requirement
(expressed in terms of primary energy).
VFP  subscript referring to virgin ﬁber paper.
RP  subscript referring to recycled paper.
Because recycling rates are deﬁned as RPU
rates in this article, the amount of waste paper
used for recycling can be derived directly from
recycling rates. Pulpwood and waste paper are
energy sources (they can be burned) and their
so-called lower heating values (LHV)13 deter-
mine their energy content (IEA 2001b; IFIAS
1974). The pulpwood feedstock is given in equa-
tion (4), and equation (5) gives the wastepaper
feedstock. Equation (4) also contains a conver-
sion factor (roundwood equivalents [RWE]) to
express virgin ﬁber pulp (z) in pulpwood (Dielen
and Eppenga 2001).
FS  z(x)RWE LHV (4) VFP RW
FS  x LHV (5) RP RP
where
z(x)  virgin ﬁber pulp requirement as a func-
tion of recycling rates as given in equation (1)
(with N  3; y  0.565; Stot  0.910).
RWE  roundwood equivalents, that is, the
amount of roundwood (m3) required to produce
a ton14 of pulp (m3/t).
LHV  Lower heating value, that is, the caloric
(MJ/m3).
RW  subscript referring to roundwood.RESEARCH AND ANALYSIS
Schenk et al., The Relationship between Paper Recycling and Pulp Requirements 147
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1 1.2
Recycling rate (x)
V
i
r
g
i
n
 
f
i
b
e
r
 
r
e
q
u
i
r
e
m
e
n
t
s
 
(
z
)
Figure 2 Relationship between the recycling rate and the virgin ﬁber requirement (N  3).
Source: Data taken from CEPI (2000) and CEPI/FAO (2000).
Note: N  3 indicates that the ﬁbers in this model are damaged (and then recycled) three times. The dotted line
represents a ﬁctive situation with no ﬁber damage during the recycling process; the trend line is constructed using the
least square values method and weighted by actual paper production statistics for member countries of the CEPI, that is,
is minimized (where y  data values; yvalues of the estimated points; P  paper production; i 
m
2 [(y  y) P]  ii i
i1
country index; m  country pool). Dots indicate country data. Coefﬁcient of determination (r2)  0.885.
The conversion factors (RWE and LHV) as
used in equations (4) and (5) are shown in table
2. It should be noted that they all depend on the
pulping process concerned (see endnote 4). The
heating values of the pulpwood depend on which
tree species are used (Klass 1998; Wiselius 1994).
The heating values of waste paper differ because
waste paper from mechanical pulp containsmore
lignin (Niessen 1978).
Paper manufacturers produce energy from
their own waste streams (notablybarkand,inthe
case of the chemical process, also “black liquor”)
but also purchase external process energy in the
form of electricity and heat. Different quantities
are needed for producing recycled paper and vir-
gin ﬁber paper (see table 3).
Heat and electricity are not primary energy
sources but have to be produced from primary
energy sources, which involves losses. Efﬁcien-
cies are calculated for heat and electricity for the
studied situation in CEPI countries for 1999 and
weighted by the total paper production of the
underlying countries. The calculated efﬁciencies
are 36% for electricity and 76% for heat forCEPI
countries on average (IEA 2001b). The numbers
used in the calculations are summarized in table
3.
Because recycling is deﬁned as RPU in this
research, the share of the processes is not the
same as the recycling rate but, rather, has to be
derived from feedstock consumption. Equations
(6) and (7) show how process energy depends
upon recycling rates.
z(x)
PE  TPE (6) VFP VFP Stot
S  z(x) tot PE  TPE (7) RP RP Stot
z(x) Sz (x) tot TER(x)  TPE  TPE VFP RP SS tot tot
 z(x)RWE LHV  x LHV (8) RW RP
whereTPE  typical process energy (from ta-
ble 3).RESEARCH AND ANALYSIS
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Table 2 Feedstock conversion factors
Minimum Maximum Typical Unit and reference
Roundwood equivalent for
chemical pulp (RWEc)
4.0 6.6 4.5 m3/t; EC 2000; Fraanje and Laﬂeur 1994
Roundwood equivalent for
mechanical pulp (RWEm)
2.4 2.6 2.5
LHV wood for chemical
pulp
7 11 9 GJ/m3; Klass 1998; Wiselius 1994
LHV wood for mechanical
pulp
61 08
LHV wastepaper chemical 11.09 15.68 15.50 GJ/t; Beer et al. 1998; Klass 1998;
Niessen 1978; Tillman 1998
LHV wastepaper mechanical 16.32 18.39 17.15
Note: LHV  lower heating value; m3/t  cubic meters per ton; GJ/m3  gigajoules per cubic meter; GJ/t 
gigajoules per ton. One gigajoule (GJ)  109 joules (J)  239  103 kilocalories (kcal)  948  103 British
thermal units (Btu).
Table 3 Energy requirements for several pulping and papermaking processes
Heat
(GJ/t)
Electricity
(MWh/t)
Total primary
(GJ/t)
Min Max Aver. Min Max Aver. Min Max Aver.
Integrated Kraft Pulp and Paper Mills 14.0 20.0 17.5 1.2 1.5 1.2 30.4 41.3 35.2
Purchased Energy ( Total Energy 
Energy from Own Waste)
1.0* 6.0* 3.5 0.7* 1.0* 0.7 8.2 17.8 11.6
Integrated mechanical and semimechanical
pulp and paper mills
0.0 6.0 3.0 1.9 3.0 2.5 18.9 37.8 28.3
Integrated recycled ﬁber mills 4.0 6.5 5.3 1.0 1.5 1.3 15.2 23.5 19.4
Source: Derived from EC (2000) and IEA (2001b).
Note: GJ/t  gigajoules per ton; MWh/t  megawatt-hours per ton; aver  average; min  minimum; max 
maximum; *  estimate.
TER(x)  total energy requirement (process
energy plus feedstock), as a function of x.
Combining equations (1–7) gives equation
(8), in which the total energy requirement only
depends upon the recycling rate (x), variables,
and conversion factors. Now the variables and
conversion factors fromtables 1,2,and3areused
with equation (8) and the total energy require-
ment was plotted against the recycling rate (x).
The results are shown in ﬁgure 3. The relation-
ships are nonlinear. With regard to paper pro-
duced from chemical pulp, an optimum was
found at a recycling rate of 93%. Regardingpaper
produced from mechanicalpulp,anoptimumwas
found at a recycling rate of 81%.
Next, the composition of the total energy re-
quirement values was determined (shown in ﬁg-
ure 4). The lower (and darker) areas represent
external supply of energy, typically fossil-fuel
based, for both processes. The horizontal-striped
areas represent pulpwood consumption, and the
vertical-striped areas represent waste paper con-
sumption.
Sensitivity Analysis
The calculations inthe previoussectionswere
based upon average or typical values, and sensi-
tivity testing is needed in order to gain insight
into therobustness oftheresultsandtheusability
of our approach. The sensitivity oftheresultswasRESEARCH AND ANALYSIS
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Figure 3 Total energy requirement (process and feedstock) for paper production at different recycling
rates, expressed in terms of primary energy (GJ/t).
Note: GJ/t  Gigajoules per ton.
analyzed by substituting the constants and the
typical/mean values with a range of different val-
ues in equation (8). The results of the sensitivity
tests are shown in appendix B and are further
discussed here.
In the previous section, the value of N for the
number of stocks was set at 3. Therefore, we
started this sensitivity analysis by comparing the
results when different values of N were used (and
the corresponding values of y and S). The total
energy requirement was not affected for small
values of x, and just marginally for high values
of x. The optimal recycling rate, however,ranged
from 87% to 100% for chemical and 76% to 93%
for mechanical pulping. The exact optimal re-
cycling rates are of relative unimportance be-
cause around the optimums the graphs ﬂatten,
implying that any change in the recycling rate
around the optimumwillresultinarelativelylow
change in total energy requirement.
Next, upper and lower boundary values for
process energy requirements (table 3) and feed-
stock conversion factors (table 2) were used as
inputs for the model. The degree of uncertainty
(or variation) among input variables appears to
be the most important factor affecting the out-
comes. Variables and conversion factors regard-
ing virgin ﬁber paper affect the left-hand sides of
ﬁgure 4A, B, whereas variables and conversion
factors regarding recycled paper affect the right-
hand side of the ﬁgure.
Finally, sensitivity tests were performed with
more efﬁcient electricity production. Regarding
the chemical process, more efﬁcient electricity
production leads to a higher optimal recycling
rate. Regarding the mechanical process, more ef-
ﬁcient electricity production leads to a lower op-
timal recycling rate. From ﬁgure 5A, B it can be
seen that, in the case of the chemical pulping
process, total external supply of energy (repre-
sented by the lower two areas in ﬁgure 5A, B,
that is, process recycling  process virgin) in-
creases with increased recycling rates, whereas in
the case of the mechanical pulping process ex-
ternal supply of energy decreases with increased
recycling rates, which explains the results in the
sensitivity testing. Heat production is already
very efﬁcient, and signiﬁcant increases in efﬁ-RESEARCH AND ANALYSIS
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A: Chemically processed paper
B: Mechanically processed paper
Figure 4 Sensitivity analysis.
Note: Labels A, B1, B2, ... H2 refer to the sensitivity tests as shown in appendix BRESEARCH AND ANALYSIS
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ciency are not to be expected. Therefore, sensi-
tivity analysis was not performed on heat pro-
duction efﬁciency.
The general pattern that can be inferred from
the sensitivity analysis is that, at low recycling
rates, increasing waste paper recycling is energy
efﬁcient but becomes less efﬁcient at higher re-
cycling rates (see ﬁgure 4). This general pattern
was tested by calculating the total energy re-
quirements at recycling rates 10% higher and
lower than the optimum value of x and then
comparing these total energy requirements with
the optimum total energy requirements. This is
also shown in appendix B. We found that, close
to the optimum total energy requirement, in-
creasing or decreasing the recycling rate does not
affect the total energy requirement signiﬁcantly
(0.3%).
Discussion
On Methodology
Comparisons of waste paper recycling versus
incineration as alternatives for landﬁlls have of-
ten been based on energy consumption in a life-
cycle assessment context (see introduction).The
fact that ﬁber recycling is limited and there-
fore—on theoretical grounds—trade-offs are ex-
pected to be nonlinear is often not explicitly
taken into account. By explicitly modeling re-
source dynamics in the paper and pulp industries,
the research in this article was able to demon-
strate the existence of a nonlinear relationship
between virgin paper requirements and recycling
rates. The nonlinear relationship was ﬁrst de-
rived and next was calibrated against empirical
data on recycling rates and virgin ﬁber require-
ments. Next, the inﬂuence of this nonlinearity
on the total energy requirement for paper pro-
duction was calculated. The advantage of our
analysis is that it is able to mathematically con-
ﬁrm a relationship that has not been conﬁrmed
using previous methods. With this relationship
established, it is easier to understand the effects
of policies regarding waste paper.
Both recycling rates and pulpwood consump-
tion data are known on a national level (CEPI
2000) and thus can be compared. An advantage
of using data on a national level is that differ-
ences in, for example, paper grades can be as-
sumed to be somewhat averaged out, and there-
fore generic conclusions can be more easily
proposed. Moreover, the difference in ﬁber con-
tent between different grades of paper is quite
small. On the other hand, where process energy
is concerned, more detailed information is an ad-
vantage because process energy requirements
may vary for different grades of paper.
Model Simpliﬁcations and Assumptions
The pulp and paper industries were modeled
in this research in order to be able to draw ge-
neric conclusions regarding the issue of waste pa-
per recycling versus incineration. In this section
the most important simpliﬁcations and assump-
tions in our modeling framework are discussed.
This research focuses on graphic paper (news-
print and printing and writingpaper).Twogrades
of graphic paper (chemical and mechanical) are
assumed to be representative of graphic paper. In
reality, there are not only different grades of
graphic paper, but there are also grades of paper
other than graphic paper. These different grades
of paper are often the result of recycled waste
paper that was collected in mixed form. The dif-
ferent stocks in ﬁgure 1 hold ﬁbers of different
length and could be seen as representing differ-
ent grades of paper. Improving ﬁber ﬂows with
so-called cascademanagement(HaberlandGeis-
sler 2000; Tromp 1995a) is only implicitly rep-
resented in our model, but there is a theoretical
relationship between cascade management and
the chain length in the model. The conse-
quences of the simpliﬁcations mentioned above
for the outcome are (1) focusing on a single type
of paper neglects the possibility of using ﬁbers
rejected for graphic paper (F8 in ﬁgure 1) for
other purposes like sanitary paper and (2) the
outﬂow rates (nonrecycled paper) in ﬁgure 1 (F1,
F2, F3, F4) are in actuality not equal to one an-
other because, in practice, recycling focuses on
high-quality ﬁbers (S1) rather than on lower
quality ﬁbers (S4). The consequences of the sim-
pliﬁcations mentioned above for the outcomes
are difﬁcult to assess but are expected not to
change the general pattern found in the sensitiv-
ity analysis section.RESEARCH AND ANALYSIS
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A: Chemically processed paper
B: Mechanically processed paper
Figure 5 Composition of the total energy requirement for paper production at different recycling rates.
In our research, some differences between
countries have been averaged. In reality, how-
ever, countries are different.Animportantaspect
of differences between countries is that an opti-
mal recycling rate in a country can differ from
the optimum recycling rate as calculated in this
research. Nonetheless, the general pattern found
in the sensitivity analysis section should bevalid.
This article focuses on papermaking in so-
called integrated pulp andpapermillsforthepur-RESEARCH AND ANALYSIS
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pose of comparison. All industries in this re-
search are assumed to have implemented best
available techniques (BAT) as described within
the European Union’s integrated pollution pre-
vention and control (IPPC) framework (EC
2000) and as summarized in table 2. BAT de-
scribes a range of techniques because efﬁciencies
of plants can differ as a result of several factors,
including plant size, the country where the plant
is situated, the type of species used, the grade of
paper produced, and so on. We are interested in
the effects of ﬁber damage on energy efﬁciency
in a generalized way, however, and for the whole
graphic paper sector. Therefore we use the av-
erage energy efﬁciency of the techniques de-
scribed in BAT. The upper and lower boundaries
of BAT values were used in the sensitivity anal-
ysis (tests B and C) to explore the effect of plant
efﬁciency on the results.
Energy conversion efﬁciencies for electricity
and heat are averages of CEPI countries
(weighted by the total paper production of each
country). In reality CEPI countries differ signiﬁ-
cantly (IEA 2001b) in the efﬁciency of their
electricity production, and, as demonstrated in
the sensitivity analysis, these differences inﬂu-
ence the outcomes. Because both recycling and
virgin ﬁber pulping proﬁt from increasing efﬁ-
ciencies, the optimum recycling rate is rather ro-
bust regarding this aspect. Nonetheless, the op-
timal recycling rate differs from country to
country.
System Boundaries
The total energy requirement for paper pro-
duction is expressed in terms of primary energy
because the amount of wood not used for paper
production can, alternatively, be used to produce
electricity and thereby replace an equivalent
amount of electricity produced by fossilfuels(the
primary energy source for conventional electric-
ity from the public grid).
As shown in the introduction, the process
phase dominates energy requirements in the life
cycle of paper production. Therefore, we focused
our analysis on the process phase and therewith
avoided the issue of forest management,inwhich
lower levels of wood consumption under a recy-
cling scenario are considered a beneﬁt (as in
many life-cycle assessments on paper recycling)
(IIED 1996). We consider this to have little im-
pact on our overall conclusions becauseitiscom-
mon practice in CEPI countries to use only cer-
tiﬁed roundwood, which is considered the most
sustainable method of forest management, and
wood from certiﬁed forests is considered to bethe
most sustainable virgin ﬁber source (Edel 2003).
Strictly speaking, however, avoided wood con-
sumption should be treated as an auxiliary ben-
eﬁt. The horizontal-striped areas in ﬁgure 5 pro-
vide an indication of the amount of wood
consumption that takes place under different re-
cycling rates.
This analysis focuses on energy. Therefore,
many important environmental impacts related
to paper manufacturing are neglected. When
other environmental impacts such as emissions
are taken into account, recycling is—in line
with our results—often favored over the other
processes (EC 2000). One notable exception is
that of chlorinated emissions, where the me-
chanical process for pulp production is favored
over both pulp production through recyclingand
the chemical process for pulp production (EC
2000). External supply of energy is related to
GHG emissions because electricity production is
largely based on carbon-intensive fossil fuels.
Therefore conclusions regarding GHG emissions
can be drawn from this research.
The model focus is on the European region
or, more speciﬁcally, member countries of the
Confederation of European Paper Industries
(CEPI). This is justiﬁed by the following argu-
ments:
• Europe is self-sufﬁcient in pulp and paper
for more than 90% of its paper consump-
tion, which makes the system approxi-
mately closed.
• The state of technology does not vary
strongly from country to country.
• Variation in recycling rates is sufﬁcient to
allow for analysis of the effects of different
recycling rates.
• Data provided by CEPI are rich and con-
sistent.
Because our theoretic model (ﬁgure 1) applies
to recycling in a closed system, it is important
that not only the total systems but also the in-
dividual countries can be seen as being approx-
imately closed. In reality, the CEPI countries areRESEARCH AND ANALYSIS
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not closed systems because of signiﬁcant trade of
waste paper betweenthesecountries(FAOSTAT
2001). This trade results (in theory) in the mix-
ing of waste paper qualities, which levels out dif-
ferences in waste paper qualities between indi-
vidual countries. Therefore, the relationshipthat
we found between waste paper recycling and vir-
gin ﬁber requirements is probably in reality less
curved than we would expect the relationship to
be without trade.
Changes Outside Our System
Our model focuses on changes within the pa-
per production and waste management system.
Changes outside of the observed system, how-
ever, may affect the system—as demonstrated in
the sensitivity analysis, where the effect of more
efﬁcient electricity production was tested.
Our approach is static, implyingthatvariables
and conversion factors are constant. In reality,
however, technological developments inﬂuence
in one way or another how pulp and paper are
produced and used (Ruth and Harrington
1997a). Future and new technologies—such as
genetic modiﬁed organisms (GMO) (Pilate et al.
2002), ﬂexible electronic displays (Chen et al.
2003), alternative oxidizers (Weinstock et al.
2001), the enzymatic pulp bleaching process
(OECD 2001b), and the use of xylanase as a pulp
brightener (OECD 2001b)—inﬂuence the en-
vironmental performance in a way that is beyond
the scope our model to represent.
When biomass becomes, in time, more im-
portant as an energy source (see introduction),
interactions between electricity production and
paper manufacturing willincrease.Increasingthe
use of biomass in the electricity sector will cause
environmentally preferable recycling rates to
shift toward more recycling because of the
greater use of forest products for energy purposes.
In this research we focus on tons of paper pro-
duced. When, however, the focus expands to ma-
terials with certain properties, materials can sub-
stitute for one another, thereby not only
changing the outputs and efﬁciencies of the pulp
and paper sector but also inﬂuencing other sec-
tors. Other materials can substitute for paper, but
paper may also substitute for other materials
(Hekkert et al. 2001). When the focus expands
even more, for example, to getting the news (dif-
ferent media like newspapers, television, and in-
ternet can provide this service), substitutionsbe-
come even morecomplex (ReichartandHischier
2003). Therefore, the actual potential for energy
savings regardingpaperproductionishigherthan
our results indicate.
Validation of the Model—Comparing
Results
Based on our results, it should be noted that
0.91 (air dried) tons (t) of pulp are required to
produce 1 t of paper. This seems to be rather
consistent with other sources in the research lit-
erature because 15% of the raw materials input
in CEPI countries is nonﬁbrous materials, and
the water content of air-dried pulp is approxi-
mately 3% to 5% (CEPI 2000). The Swiss
Agency for Environment,ForestsandLandscape,
BUWAL, concludes that 900 kg15 of pulp per ton
of product is needed (BUWAL 1996).
In our analysis, the share of reused ﬁbers in
paper at a recycling rate of 100% is 83%, mean-
ing that about 17% is too damaged to be reused
and needs to be replaced by virgin ﬁbers; Virta-
nen and Nilsson calculated 75% to 80% (1993).
Because our results are more directly based on
empirical data, we conclude that ﬁber recycling
is more efﬁcient than previously assumed. These
results imply that in CEPI countries, ﬁber can be
recycled at least 5 times on average.
In our research the total energy requirement
is 49 gigajoules/ton (GJ/t)16 for chemical paper
and 47 GJ/t for mechanical paper. We compared
these values with previous research. Tromp ﬁnds
a total energy requirement of 40.2 GJ/t for
graphic paper (Tromp 1995b); de Castro ﬁnds a
value of 49.8 GJ/t, although with relatively high
ﬁgures for transportation (de Castro 1992);
BUWAL ﬁnds a value of 40 GJ/t for recycled pa-
per, 42 GJ/t for chemically processed paper, and
40 GJ/t for mechanically processed paper (BU-
WAL 1996). From these ﬁgures one can con-
clude that our ﬁgures are high.
Although it is hard to ﬁnd the exact reason
for these differences, two main sources for the
differences have been identiﬁed. The ﬁrst is that
the conversion efﬁciency for electricity from pri-
mary sources is a European average, whereasRESEARCH AND ANALYSIS
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other research is often based on a single country.
For example, BUWAL refers to the Swiss situa-
tion where electricity is produced more efﬁ-
ciently than it is on average in Europe. The sec-
ond reason is that the caloric values for
roundwood we calculated are based on European
species-use averages, although species use in a
single country can differ from that average.
Moreover, the results of our research are difﬁcult
to compare with others because of the deﬁnition
used for recycling. RPU rates refer to inputs,
whereas other research refers to outputs.
The nonlinear relationship we found results
in approximately 5 GJ/t lower reduction poten-
tials than when a linear relationship is assumed.
In our research the maximum energysavingsthat
can be achieved are 8.2 GJ/t (–16.9%) for chem-
ical paper and 5.3 GJ/t (–11.4%) for mechanical
paper. These ﬁgures are in general lower than
other researchers conclude. (The article by Mor-
ris [1996], for example, ﬁnds an energy savings in
the range of 14 to 39 GJ/t.) Because the nonlin-
ear relationship explains only a part of the dif-
ference, other factors need investigation.
Conclusions
Our research shows that a nonlinear relation-
ship exists for paper recycling because of higher
average ﬁber turnover rates at higher recycling
rates. Moreover, nonlinearity leads to an opti-
mum recycling rate; however, the optimum can
in general be found at high recycling rates.
Therefore our research concludes that recycling
is in general more energy efﬁcient than inciner-
ation, which is in line with previous research
(IIED 1996). The nonlinear relationship be-
tween waste paper recycling and virgin ﬁber re-
quirements, however, results in lower potential
energy savings than if there were no ﬁber dam-
age.
Total external supply of energy (the gray areas
in ﬁgure 5) is a proxy indicator for CO2 emissions
because electricity production is largely based on
carbon-intensive fossil fuels. Therefore our re-
search suggests that increasing recycling rates in-
creases CO2 emissions for the chemical process.
This is in line with previous research mentioned
in the introduction (IIED 1996). On the other
hand, our research concludes that increasing re-
cycling rates decreases CO2 emissions for theme-
chanical process (contrary to previous research).
It should be noted, however, that the previous
studies mentioned in the introduction often fo-
cus solely on the chemical pulping processes.
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Notes
1. In this article, GHG emissions refers to anthro-
pogenic GHG emissions or “greenhouse gasemis-
sions and removals that are a direct result of hu-
man activities or are the result of natural
processes that have been affected by human ac-
tivities” (IPCC/OECD/IEA 1997, 5).
2. The six GHG gasses covered by the Kyoto pro-
tocol are carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), hydroﬂuorocarbons
(HFCs), perﬂuorocarbons (PFCs), and sulfur
hexaﬂuoride (SF6).
3. Roundwood is deﬁned as follows: “Wood in the
rough. Wood in its natural state as felled, or oth-
erwise harvested, with or without bark, round,
split, roughly squared or other forms (e.g., roots,
stumps, burls, etc.).” (FAO 2001).
4. Pulping includes various processes. According to
Genco, “The principal wood-pulping processes
. . . are stone groundwood, . . . sulphite, and the
sulphate or Kraft process . . .” (Genco 1998). In
the current article, the stone groundwood process
is referred to as the mechanical process, and the
sulfate or Kraft process is referred to as the chem-
ical process. (The sulﬁte process is not considered
in this article.)
5. Pulpwood is deﬁned as follows: “Wood in the
rough other than logs—for pulp, particle board
or ﬁbreboard.” (FAO 2001).
6. This is in line with the observation that a carbon
tax leads to less waste paper recycling (Gielen et
al. 2001).
7. “Resource requirements,” as used in this article,
refers to primary pulp requirements. This term
doesnotrefer to land,ecosystemservices,orotherRESEARCH AND ANALYSIS
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resources that come into play in the forest prod-
uct chain.
8. The industrial ecology community commonly re-
fers to the relationship described in this article as
“nonlinear,” although “curvilinear” is also used to
express this relationship.
9. “Total energy requirement” is deﬁned for this ar-
ticle as process energy plus feedstocks, both ex-
pressed in terms of energy.
10. Typical energy and resource uses in different
stages of the life cycle are as follows: <1 GJ/t for
forestry practices and transportation to plant (ex-
cluded), 0.4 GJ/t for capital stock (excluded), ca.
20 GJ/t purchased energy and ca. 2.5 m3/t pulp-
wood for mechanical pulping and papermaking
(included), ca. 15 GJ/t purchased energy and ca.
4.5 m3/t pulpwood for chemical pulping and pa-
permaking (included), and ca. 19 GJ/t purchased
energy and ca. 1.5 t/t wastepaper for recycled
pulping and papermaking (included) (den Beer
et al. 1998; de Berg 1995; Boer 1998; BUWAL
1996; Castro 1992; Dielen and Eppenga2001;EC
2000; Fraanje and Laﬂeur 1994; Rajotte 2001;
Wiselius 1994). Total transportation (including
waste paper collection) depends strongly on local
conditions, and energy use in transportation may
go up as well as down under changing recycling
scenarios (excluded) (Finnveden and Ekvall
1998).
11. CEPI includes Austria, Belgium, Denmark, Fin-
land, France, Germany, Greece, Ireland,Italy,the
Netherlands, Portugal, Spain, Sweden, the
United Kingdom, and the associate members
Czech Republic, Norway, Slovak Republic, and
Switzerland.
12. Alternative measurements of waste paper recy-
cling are
• Waste paper net recovery rate. The amount of
waste paper collected for reuse as a percentage
of the adjusted paper and paperboard con-
sumption
• Adjusted waste paper net recovery rate. The
amount of waste paper collected as a percent-
age of the adjusted paper and paperboard con-
sumption from which the nonrecoverable pa-
per and paperboard is deducted
• Waste paper in ﬁber use rate. The amount of
recovered paper used for paper and paperboard
as a percentage of the total ﬁber used for paper
and paperboard (FAO/CEPI 2000)
13. Lower heating value (LHV) is the heating value
of a fuel when excluding the vaporization heat
for the water vapor, whereas higher heating value
(HHV) is the heating value of a fuel when the
water in the combustion gases is completely con-
densed and thus the heat of vaporization is also
recovered.
14. Unless otherwise noted, all tons mentioned in
this article are metric tons. One metric ton (t) 
1 megagram (Mg)  1.102 short tons.
15. One kilogram (kg)  103 grams  2.2046
pounds.
16. One gigajoule (GJ)  109 joules (J)  239 
103 kilocalories (kcal)  948  103 British ther-
mal units (Btu).
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Appendix A—Solutions of the
Substance Flow Model with
Different Numbers of Stocks
z  F  F  F  F  F 12348
F  S (1 – x) 11
F  S (1 – x) 22
F  S (1 – x) 33
F  S (1 – x) 44
F  Sx y 51
F  Sx y 62
F  Sx y 73
F  Sx y 84
S   z – F – F 11 5
S   F – F – F 25 2 6
S   F – F – F 36 3 7
S   F – F – F 47 4 8
RS  S  S  S  S 1234
z  F  F 15
F  F  F 526
F  F  F 637
F  F  F 748
In this appendix, we show how algebraic so-
lutions of the equations corresponding to the
model as presented in the set of equations above
are generalized in formula n; however, we do not
give proof. First, solutions for N  1, N  2,
and N  3 are shown; next a general solution is
shown.
Let N be the number of stocks, x the recycling
rate (RPU), y the damage rate, and z the virgin
ﬁber requirementRESEARCH AND ANALYSIS
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Let Stot,N  Si, that is, the total ﬁber in
N

i1
stocks.
Then, for N  1
z  (1 – x)S  xyS 11 (a)
 (1 – x  xy) S1
and
S  S (b) tot,11
Therefore, substituting S1 in equation (a) with
equation (b) gives
z  S (1 – x  xy) (c) tot,1
Then, for N  2
S (xy)  S (1  x  xy) 12 (d)
xy
⇒ S  S 21 1  x  xy
and
S  S  S (e) tot,2 1 2
Therefore
xy
S  S  S tot,2 1 11  x  xy (f)
1 xy
⇒ S  S 1  1t o t , 2  1  x  xy
Therefore, substituting S1 in equation (a) with
equation (f) gives
1  x  xy
z  S (g) tot,2 xy
1   1  x  xy
Then, for N  3
S (xy)  S (1  x  xy), 12
S (xy)  S (1  x  xy) 23 (h)
xy
⇒ S  S , 21  1  x  xy
xy
S  S e2  1  x  xy
and
S  S  S  S (i) t o t , 3123
Therefore
xy
S  S  S tot,3 1 1 1  x  xy
2 xy
 S1 1  x  xy (j)
xy
⇒ S  S 1  1t o t , 3   1  x  xy
2 1 xy
  1  x  xy
And because equation (a) is valid for every in-
teger value of N
z  (k)
1  x  xy
Stot,3 2 xy xy
1    1  x  xy 1  x  xy
Then, for N
S (xy)  S (1  x  xy) N1 N
i xy
⇒S  S (l) NN i 1  x  xy
N1 xy
 S1 1  x  xy
and
N
S  S tot,N  i
i1
NN 1 i xy
⇒ S  S (m)  i 1 1  x  xy i1 i0
N1 i 1 xy
⇒ S  S 1 tot,N     1  x  xy i0
Therefore
N 1  x  xy
z(x)  S  i N1 i xy i1  1  x  xy i1 (n)
S (x  1) tot,N  N xy
 1  1  x  yRESEARCH AND ANALYSIS
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